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Abstract
The emergence of viable smart home technologies together with ambitious government initiatives for smart meter
rollouts will provide a rich platform on which to develop demand side management strategies that aim to modify
consumer’s use of energy. In this work we develop such a platform that aims to ‘SWITCH’ behaviour patterns and
‘SWITCH’ on/off energy consuming appliances when they are not needed or when they could be utilised to benefit
from on-site power generation or off-peak electricity. This platform was installed in 3 occupied domestic properties
that form part of the Creative Energy Homes project at the University of Nottingham, UK. A total of 6 case studies
are presented that investigate the impact of shifting the time of use of washing machines and dishwashers with
varying levels of user engagement. A range of issues and user perceptions of the technology are presented and
discussed.
© 2013 The Authors. Published by Elsevier Ltd.
Selection and/or peer-review under responsibility of KES International.
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1. Introduction
Domestic properties are a significant contributor to greenhouse gas emissions. In the UK for example,
29% of CO2 emissions come from the home [1] and domestic energy consumption is predicted to remain
on an upward trend driven by issues such as escalation of the range and ownership of consumer
electronics. This is evidenced by electricity demand for domestic appliances more than doubling between
1970 and 2010 [2]. It is becoming more apparent that the current invisibility of energy in the home and
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general lack of energy awareness among householders are key factors contributing to this trend. This
situation has led to ambitious campaigns to roll out smart meters to help provide utilities and
householders with timely and pertinent information to encourage energy saving behaviour. In the UK, for
example, the Department of Energy and Climate Change has announced its intention to have smart meters
in all homes by 2020.
In parallel to these initiatives smart home technologies where connected devices and appliances
provide the facility for monitoring, management and automation of the domestic environment have begun
to emerge as viable options for householders. The uptake of these technologies has been relatively limited
to date however their potential to deliver significant energy savings allied with the prospect of continually
rising energy prices provides a more compelling proposition for householders and is likely to drive their
demand and uptake.
A key barrier to the deployment of smart home technologies is the requirement for costly and
disruptive installations. However, there are now a number of mature and established wireless standards
[3] that facilitate the deployment of relatively low-cost and low-power wireless devices to form the
foundation of a smart home system. Such systems greatly simplify the installation process and open up
the possibility of large scale retrofitting in existing housing stock. This is particularly important given the
typically low rate of housing stock replacement. In the UK, for example, it is estimated that only 30% of
dwellings occupied in 2050 will have been built after 2006 [4].
One promising application of smart home technology is Demand Side Management (DSM) and more
specifically Demand Response (DR) [5] , which typically aims to encourage and incentivise consumers to
use less energy during peak times and where necessary to shift this usage to off-peak times such as during
the night. Although such a system does not necessarily reduce total power consumption, it does offer the
potential to smooth daily demand, reduce peak requirements and hence reduce necessary peak production
capability.
In this work we develop a wireless smart home platform that supports demand side management and
deploy it in 3 occupied homes that from part of the Creative Energy Homes research facility located at the
University of Nottingham, UK [6]. This facility is a research and educational showcase of energy efficient
homes that are fully monitored ‘life-labs’ supporting a range of research projects. The platform was used
to investigate customer reactions to shifting the time of use of their washing appliances through a series of
case studies and associated semi-structured interviews.
The remainder of the paper is structured as follows; the technological platform is described in the
following section, the case study methodology is detailed in section 3, the design of ‘smart energy’ tariffs
that aim to incentivise users to accept time-shifting of appliance use are described in section 4 and the
results and conclusions are presented in sections 5 and 6 respectively.
2. SWITCH platform
The following key requirements were identified for the technological platform forming the foundation
of this work:
x It should use wireless technology for ease of installation and to support retrofitting in existing homes.
This technology should have good signal penetration to reduce issues associated with signal dropout.
x The technology should be low power and not require regular battery changes.
x The system should not be locked down to any individual provider and support independent tailoring,
enhancing and extension including the ability to write flexible control strategies.
The wireless technology chosen to satisfy these requirements was EnOcean [7], which is an energy
harvesting wireless technology that has been widely used in buildings and industrial installations. The
technical standard utilises a lower frequency band than some of its competitors and thus supports the goal
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of better signal penetration. EnOcean modules also utilise ultra-low power electronics that in some cases
can be powered from energy harvested from the environment in the form of light, temperature difference
or motion for example. Every EnOcean device must adhere to standard EnOcean Equipment Profiles,
which are proprietary but publically available. This standardisation allows devices from different
manufacturers to be integrated into a single system and controlled through programmable hubs. In
contrast, our experience with other technologies such as ZigBee [8] is that proprietary elements are often
introduced to the protocol that lock the system down to a single provider, which has made subsequent
extension and tailoring impossible in some cases.
Can2Go controllers [9] were used as the hubs of the SWITCH platform and installed in each of the
case study properties. These controllers allow sensing and control of installed devices and scripting of the
smart home control strategies. EnOcean smart plugs were used that allowed connected appliances to be
wirelessly turned on or off by the controller and associated power usage to be determined. Additional
devices such as wireless EnOcean switches were also integrated in to the system. The controller sent data
to a remote server for storage and analysis, which also acted as a web server allowing information to be
delivered to tenants via laptops or tablet computers for example. Data and commands could also be sent
back to the Can2Go controller from the server to influence the control of any connected appliances. A
schematic of the resulting platform is shown in Figure 1.
3. Case Study Design
The Creative Energy Homes project is comprised of 7 properties. 3 of these properties - the BASF
Research House [10] and two semi-detached Tarmac Masonry Homes [11] - were occupied by long term
tenants and were thus chosen for the case studies. A series of 2 case studies were conducted in each of the
3 properties thus resulting in a total of 6. The duration of each case study ranged from 2 to 4 weeks.
Figure 1: The SWITCH platform
A key aim of this work was to investigate consumer reactions to shifting the time of use of their
appliances. It was important therefore for the chosen appliances to lend themselves to such time-shifting.
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White goods such as dishwashers, washing machines and tumble dryers were selected as they met two
key criteria. Firstly, their operation does not necessarily need to be at the point of use as is the case for
other appliances such as kettles or electric showers for example. Secondly, they use a considerable
amount of energy and thus the impact of time-shifting achieved would be significant especially when
aggregated to multiple households. The Tarmac homes each contain washer-dryers and the BASF house
contains both a dishwasher and washing machine. These 4 appliances were therefore integrated into the
platform and used within the case studies.
Input from focus groups conducted as part of the project highlighted two key aspects of a smart energy
system; invisibility and the ability to override. The former reflected a desire for the system to operate
without the need for regular or time-consuming intervention from the users and the latter reflected a
desire for users to remain in control if and when required. Both these aspects were designed in to the case
studies; users were able to load and start the appliances whenever required however the SWITCH system
then automatically took control and only allowed them to run during periods of lower demand. Users
were also given the ability to override the system when required. The nature of this interaction with the
system was the key variable within the case studies and 3 methods were investigated to assess the
appropriateness of different levels of engagement (see Figure 2):
x Web only; users were given access to a web site allowing them to see when periods of lower demand
occurred, select a tariff to make use of these periods or opt-out of smart control. This site was
accessible from personal devices such as a laptop.
x Appliance tablets; each appliance was fitted with a small tablet computer which gave access to the
same web site but with the ease of engaging with the system as it was being used.
x Override switch; each appliance was fitted with an EnOcean switch that allowed smart control to be
overridden for the currently active program. The web site remained accessible from personal devices if
required.
The methods used for each of the 6 case studies are shown in Table 1. Semi-structured interviews with
tenants were conducted before and after each of these case studies.
Table 1: Case study methods
Study House Appliance Method Duration
1 BASF Washing Machine & Dishwasher Web only 4 weeks
2 BASF Washing Machine & Dishwasher Appliance tablets 4 weeks
3 Tarmac 10 Washing Machine Appliance tablet 4 weeks
4 Tarmac 10 Washing Machine Override switch 2 weeks
5 Tarmac 12 Washing Machine Web only 3 weeks
6 Tarmac 12 Washing Machine Override switch 2 weeks
4. Tariff Design
“Smart energy” tariffs were designed to evaluate whether a DSM system such as SWITCH could help
smooth out fluctuations in energy demand by incentivising energy usage when the overall demand was
low and discouraging it when the overall demand was high. To realistically simulate current demand,
historical Initial Demand Outturn (INDO) data was used from the UK’s National Grid website [12].
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Figure 2: Methods of user engagement with the SWITCH system; Web only, appliance tablet and override switch (from left to right)
Half-hourly demand periods of each day were categorised in to one of 3 bands - green signifying
cheap, yellow signifying average and red signifying expensive. This was achieved by comparing the
demand of the current interval to the average demand for that day. Intervals that were within +/-10% of
the daily average were classified as yellow periods; intervals that were below 10% of the average were
classified as green periods and those above 10% as red periods.
A tariff scheme was designed based on this classification that allowed occupants to utilise lower
demand periods and hence more advantageous prices during both the day and night. This scheme is
shown in Table 2.
Table 2: Simulated energy tariffs
Tariff Name Appliance Operation
1 Green During cheap (green) periods only
2 Orange During both cheap (green) and average (yellow) periods
3 Yellow During average (yellow) periods only
4 Red At any time
Choice of the most economical Green tariff typically resulted in appliances running either late evening
or during the night. However, this was not necessarily at the beginning of the next green period. An
element of stochasticity was introduced to simulate a real system in which all appliances would not be
turned on simultaneously. It was ensured however that the start time fell within the bounds of the next
green period and that the chosen programme was able to complete within it. This stochasticity was not
introduced for yellow periods given their typically short duration. Yellow periods typically fell during the
day and thus choice of the Yellow tariff allowed users to accept some time shifting of appliance use while
ensuring that they didn’t run overnight, which may have been an issue in some cases due to noise.
A simple pricing scheme was used in which the relative cost of the tariffs became increasingly more
expensive from tariff 1 (Green) to tariff 4 (Red). Specific prices were not introduced. Users were
informed of the relative costs before each case study and on the web interface. Each case study began
with the Green tariff selected and users were then able to change their current tariff at any time via the
web site described above. Choice of the Red tariff effectively turned off any smart control until an
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alternative tariff was selected. Use of the override switch, when available, turned off smart control for the
current washing programme only.
5. Results
5.1. BASF House
3 tenants shared the BASF House during the case studies. 2 of these were established tenants and 1
(BASF-B) had moved in immediately prior to the start of the first case study. Initial interviews revealed a
range of attitudes to energy and cost saving measures as shown in Table 3.
.
Table 3: Profiles of the BASF house tenants
5.1.1. Case Study 1 – Web Only
The first case study ran for a total of 28 days. At the beginning of the case study, the tenants
highlighted an issue with a noisy water pump that became operational when using the washing machine.
It was expected that this noise would affect the tenant’s ability to sleep if the machine was used at night.
This pump failed completely during the case study resulting in a 10-day period during which the machine
could not be used. The dishwasher was not affected by this issue however the lifestyle of the tenants was
such that it was rarely used during the study.
There were a total of 11 uses of the washing machine. The first 8 were run using the Green tariff
during low demand periods with an average delay of 4.2 hours and a resulting start time of between
midnight and 3am. Following the issue with the water pump the tariff was changed to Red to allow
clothes to be retrieved from the machine. The tariff was not changed once the problem had been resolved
and thus the remaining 3 uses ran during high demand periods using the Red tariff. 2 of these uses were
by BASF-C and 1 by BASF-A. The dishwasher was used only 2 times during the study both of which were
during low demand periods using the Green tariff. The average delay was 9 hours and the resulting start
time was between midnight and 3am.
There was a generally positive response to the system and an appetite for continued usage if the energy
and price savings were demonstrated. However, for one of the tenants these savings would need to be
very significant. Key issues highlighted were the inconvenience of having to wait until the following
morning for clothes to be ready and the potential of musky smelling clothes due to being left in the
machine for extended periods.
Tenant Sex Age Occupation Profile
BASF-A Male 28 PhD Student
Driven by environmental concerns
“I always think about how much CO2 is emitted when I
do something. I always try and reduce my consumption.”
BASF-B Female 38 PhD Student
Driven by cost concerns
“I worry about my bills mostly rather than the
environment. But it goes hand in hand if I save energy
then I look after the environment anyway.”
BASF-C Female 30 PhD Student
Not driven by cost or environmental concerns
“I don’t really consider the price and environment. I use
extra rinse and just use what I want.”
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5.1.2. Case Study 2 – Appliance Tablets
The 2nd BASF case study also ran for a total of 28 days. Tenant BASF-A resided in the property
throughout this period, however BASF-B was only present for the first 14 days and BASF-C was only
present for the last 14 days. This resulted in only two tenants occupying the property at any one time
during the case study period.
There were 11 uses of the washing machine during this period. In contrast to the first case study the
tariff was changed to Red on the first usage and remained there for the first 3 washes. However, the tariff
was changed to Green before the end of the 3rd wash and alternated between Red and Green for the
remaining washes. In total 45% of washes were during low demand periods using the Green tariff with an
average delay of 6.3 hours and 55% were during high demand periods using the Red tariff. This data
suggests that introduction of the tablet computer substantially increased interaction with the system,
which resulted in more use during high demand periods.
The dishwasher was used much more frequently during the 2nd case study. There were 8 uses in total,
all of which were during low demand periods using the Green tariff with an average delay of 6.7 hours.
However, the tenants also adopted a behavior for half of these washes of performing a short pre-wash on
the Red tariff before reverting back to the Green tariff for the main wash. Despite this interaction with the
system, visits to the house revealed that the tenants had neglected to keep the dishwasher tablet computer
charged for certain periods. In contrast, the washing machine tablet was kept charged throughout.
Feedback from the tenants confirmed that the convenience of the tablet computer was appreciated
together with the finer grained control that it allowed.
5.2. Tarmac-10 House
A married couple occupied the second case study property. They were established tenants and were
expecting a baby, which arrived during the course of the project. Tenant profiles are highlighted in Table
4.
Table 4: Profiles of the Tarmac-10 tenants
Tenant Sex Age Occupation Profile
T10-A Male 30 PhD Student
Mainly driven by cost concerns
“In previous places.. I was on sustainable power and it
was too expensive so I switched to conventional.”
T10-B Female 23 Business
Not driven by cost or environmental concerns
Defers to T10-A for energy bill issues
5.2.1. Case study 3 – appliance tablet
Case study 3 ran for a total of 28 days. During the first 16 days tenant T10-A occupied the property
alone. However, for much of this period 3 guests also resided in the property. The property was then left
unoccupied for several days before both tenants returned with a new child for the latter part of the case
study.
The washing machine was used 15 times prior to T1O-B returning to the property. 67% of this usage
was on the Orange tariff, which resulted in utilisation of both low and average demand periods with an
average delay of 1.7 hours. A further 14 washes were performed following T1O-B’s return, all of which
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used high demand periods on the Red tariff. Over the whole case study period therefore 34% of usage was
on the Orange tariff and 66% on the Red tariff.
Feedback was principally from T10-A and revealed that the system had prompted him to change the
way he used the appliance when on the Orange tariff. Rather than select the standard program, he was
choosing a program that was short enough to run within the average demand periods that day. He had not
noticed any appreciable difference in the quality of the wash from doing so. He also communicated
excitement at the technology allowing them to control their machine via a tablet computer.
5.2.2. Case study 4 – override switch
The appliance tablet was replaced with an override switch for case study 4, which ran for a total of 16
days. Both tenants were resident for all of this period together with a new child.
The washing machine was used only 7 times, all of which on the Green tariff with an average time
delay of 1.7 hours. However, in 71% of cases the override switch had been used resulting in utilization of
high demand periods. The feedback revealed a misunderstanding about the effect of the override button.
Tenant T10-A left the washing to T10-B and was under the impression that she was using the Green tariff
almost exclusively. However, Tenant T10-B seemed to be under the impression that if the machine
switched off and was successfully brought back on again through use of the switch then the Green tariff
was being used. The perceived role of the button was opposite to its actual role.
Although the web interface remained accessible from personal computers, it was not used during the
case study and the Orange tariff that was highlighted as the preferred tariff in case study 3 was never
selected.
5.3. Tarmac-12 House
This property was also occupied by a married couple with a young son aged 5 who didn’t interact with
the appliances. They were expecting a new baby, which arrived during the course of the project. Profiles
of the tenants are highlighted in Table 5.
Table 5: Profiles of the Tarmac-12 tenants
Tenant Sex Age Occupation Profile
T12-A Male 37 Scientist
Driven by cost but has a perceived lack of control.
“I have no control over the house, the University has the
control.. There is nothing I can do to reduce the bill
further; I’m already doing as much as possible.”
T12-B Female 36 Doctor
Not driven by cost or environmental concerns
“If I have to do something, I don’t think about the cost of
it. As we live in a “green” house, I assume that the
systems are environmentally friendly.”
5.3.1. Case study 5 – web only
Case study 5 ran for a total of 22 days. Both tenants resided in the property for the majority of this period
however T12-B spent a short period away from the property around the midway point due to arrival of the
new baby. The latter half of the case study was thus conducted with a family of 4.
The washing machine was used 23 times during this period. The first 8 uses were on the Green tariff
utilising low demand periods with an average delay of 8.8 hours. On the 8th usage the machine was started
early morning and thus the green period finished while the machine was still drying. This prompted a
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change to the Red tariff to allow the cycle to complete. The tariff was then never changed from Red for
the remainder of the case study. Overall usage was thus 35% on the Green tariff and 65% on the Red
tariff.
Post case study interviews revealed that there had been a significant issue with regard to drying of
clothes. The property had a combined washer-dryer but it was not possible to set a combined wash and
dry program. Use of the Green tariff would therefore typically result in a combined wash and dry taking 2
days as the Green period would have ended by the time the dryer could be started in the morning and the
next Green period would typically not begin until the following night. This resulted in a backlog of dirty
washing. Tenant T12-B resorted to getting up during the night to start the dryer but this was clearly not
sustainable and thus change to the Red tariff resulted. The overall impression of the system was therefore
negative and there was no appetite for continued usage even with significant financial incentives.
5.3.2. Case study 6 – override switch
An override switch was installed on the washing machine for the second case study in the Tarmac 12
house, which ran for a total of 18 days. Both tenants and both children resided in the property for all this
period.
The washing machine was run a total of 12 times, all of which used the Green tariff with an average
delay of 6.9 hours. However, in 58% of these cases the override switch was pressed resulting in some
usage during high demand periods. As in case study 4, the web interface was available to tenants using
their personal devices but was never used.
The feedback revealed a softening of attitudes to the first case study. Although tenant T12-A would
still not adopt a system such as this long term, he saw the value in increasing his awareness of when the
high demand periods were. Tenant T12-B would now be happy to adopt the system if there was more
freedom within the weekend periods. In addition, her required cost incentive had reduced significantly
from 50% to anything that showed the benefit of using the system.
6. Conclusions
A demand side management platform was created and deployed within 3 domestic properties on the
University Park campus at the University of Nottingham. A total of 6 case studies were performed each
ranging from 2 to 4 weeks. A simple tariffing scheme was devised to encourage customers to allow
shifting of washing appliance operation to different times of the day and night. Various levels of
engagement with the system were investigated during the case studies; a web interface accessible via
personal devices, a web interface accessible via tablet computers co-located with the appliances and a
single override switch. Semi-structured interviews were conducted with the tenants and key findings are
discussed below:
x Activity sequences; it may not always be appropriate to consider only individual appliance use. Energy
using behaviours may form part of a sequence of activities that needs to be considered when altering
the time of appliance use. For example, washing needs to be dried and possibly ironed. It would be
counter-productive to shift the time of use of the washing machine if this increases the likelihood of
these more energy intensive activities occurring during high demand periods
x Control finish times; users may be more willing to accept time-shifting of appliance use if they can
predict and control when it will finish. This would alleviate issues such as smelly or heavily creased
washing that has been left for a considerable time. Failure to address this issue may result in the
system proving counter-productive due to the energy requirements of re-washes or additional ironing.
x Smarter appliances; key to the success of demand side management will be the production of smarter
appliances. In the first instance this will require an interface to allow them to be controlled by the
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home hub, simple integrated user displays and switches to allow users to override the system.
However, longer-term interaction with the smart home system has the potential to become more
sophisticated and allow finer grained control of the appliance, which could also suggest and choose the
most appropriate behavior based on energy or cost constraints.
x Opt-in by default; the system is likely to have a greater impact if users have to make the decision to
opt-out at the point of use. In this study once the tariff had been changed to disable smart control it
tended to stay there. However introduction of the override switch required users to make the decision
to opt-out on every wash. In one case study this resulted in 42% of usage occurring in low demand
periods despite a poor reception to the system in the previous case study. This also reduces potential
conflict between multiple tenants as each can make an independent choice for their own usage.
x Information feedback; delivery of appropriate information to users will be key to the success of a
demand side management system. This should allow users to predict and where necessary control
when appliances will be used and provide real time feedback of the price and energy usage
implications of their usage behavior. This should also reduce misconceptions about energy usage and
misunderstandings between users.
x Price incentives may not be sufficient; evidence from this study suggested that in some cases expected
cost savings were unrealistic. Selling on cost alone therefore is likely to be very difficult. Other
motivations were apparent however such as the use of leading edge technology, which may prove to be
a more powerful motivator in some cases.
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